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DEDICATION 
Throughout my short life, I have encountered some pretty amazing people. There are 
two individuals in particular that forced me to step outside the comfort of my own being and 
see the world from a different view. Whether they know it or not, they have changed my 
direction in life and inspired me to perform this research-Glen Cupid and Joyce Packwood. 
They have taught me more about life than I would have ever imagined possible. Their 
strength and optimism demonstrate the importance of attitude and perspective in life. It is for 
friends like Joyce and Glen, especially, that improvements in wheelchair engineering and 
design must be made. 
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ABSTRACT 
More than 20 million people worldwide rely on wheelchairs as their primary source 
of mobility. One American database reveals an average of51.3 deaths per year from 
wheelchair accidents, with almost 37,000 persons annually seeking treatment in emergency 
rooms after such incidents. The purpose of this study was to determine if caster type, speed 
or bump height affect the tendency to slip out of or tip in the wheelchair while crossing 
surface obstructions. 
Nine participants were used for this study-four were experienced wheelchair 
athletes and five were non-wheelchair users. Participants used an Action Pro-T lightweight 
manual wheelchair for the study, equipped with standard (ST) front wheel casters and Frog 
Legs® (FL) shock-absorbing casters. Two steel bumps (1.2 cm and 1.8 c~ high) were 
attached to a force platform and two impact velocities were tested (1.6 and 2.0 mis). Each 
subject performed five trials in each of the eight conditions. 
In order to assess the potential for slipping out of the chair, the peak anterior/posterior 
ground reaction force was measured. Increases in this variable indicate that there is a greater 
likelihood of slipping out of the chair when the bump is contacted. There was a 48.8% 
reduction when using the FL caster, a 22.5% increase at the faster speed and a 45.0% 
increase at the higher height. In order to assess the potential for tipping over, the magnitude 
and direction (angle) of the force vector was measured. Increases in magnitude and 
decreases in angle indicate a greater likelihood of tipping. The FL decreased the magnitude 
by 43.0% and the angle by 22.3%. This combination of magnitude and direction allowed the 
rear wheel to remain in contact with the ground more often using the FL caster (83.2%) than 
IX 
the ST caster (22.9%). The faster speed increased the angle by 2.6%. The increased bump 
height increased the angle by 23.6%. These results indicate that the FL caster was safer than 
the ST caster, especially crossing the high bump. Also, there appears to be a threshold speed 
that is safer to cross the high bump with greater momentum. 
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CHAPTER I 
INTRODUCTION 
According to Cooper (1995), more than 20 million people worldwide rely on 
wheelchairs as their primary source of mobility. Ummat (1994) reports 1.4 million 
Americans use wheelchairs. With advances in modem medicine, many lives that once would 
have been lost, are now being saved. However, many result in severe disability, and thus the 
number of wheelchair users worldwide has increased. 
Despite the continuous improvements made in the design of wheelchairs, accidents 
still happen. Several studies have demonstrated the causes and consequences of wheelchair 
accidents. Kirby, R.L., Ackroyd, S.A., Brown, M.G., Kirkland, S.A., & MacLeod, D.A. 
(1994) reported on the commonality of tips and falls. They found that over half of 577 
respondents indicated injuries from wheelchair tips and falls. In addition, 450 (66%) 
reported being hurt after partial tips. Gaal, R.P., Rebholtz, N., Hotchkiss, R.D., & Pfaelzer 
P .F. (1997) report that within a five-year period, wheelchair users identified 42% of 
"incidents" as tips and falls. 
The severity of these accidents is alarming. One American database revealed an 
average of 51.3 deaths per year from wheelchair accidents, with almost 37,000 persons 
annually seeking treatment in emergency rooms after such incidents (Kirby et al. 1994). 
Gaal et al. (1997) suggested that 27% of the incidents that occurred within the previous five 
years required medical attention. Gray (1992) discussed the difficulty for many wheelchair 
users to heal following an injurious accident. Due to the non-weight bearing position, the 
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healing process is greatly prolonged, especially in those with neuromuscular disease. Two to 
six years may be needed for some :fractures to heal. 
Studies that have examined the frequency and severity of wheelchair accidents 
indicate a need for improvements in wheelchair design. Kirby and Ackroyd-Stolarz (1995) 
have studied wheelchair accidents from 1975 to 1993. They examined the specific 
positioning of wheelchairs when accidents occurred and discovered that, of four contributing 
factors (engineering, environment, occupant, and system) engineering was the largest 
contributor to injuries from wheelchair accidents. Kirby, R.L., McLean, A.D., Eastwood, 
B.J. (1992) described other factors that affect stability-the characteristics of the user and the 
chair, and how the wheelchair was used. They also investigated the relationship of caster 
diameter and stability. 
Despite the recent push to accommodate people in wheelchairs, these individuals deal 
with obstacles and inconveniences on a regular basis. They range from small cracks on a 
sidewalk to extremely rough terrain to uncut curbs. The design of the wheelchair can play an 
important role in navigating these obstructions. 
There is an insufficient amount of public research in the area of wheelchair and user 
mechanics. Despite the growing number of wheelchair users, very little published research 
has been performed with the goal of improving the quality of the equipment, and in turn, 
improving the living condition(s) of those who rely on wheelchairs for mobility. Cooper 
(1995) explains that "the pace of rehabilitative engineering is so rapid that technology and 
techniques seem to become obsolete before textbooks are ever written." Nevertheless, some 
research has found it's way to publication. 
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Discussions with experts in the Biomedical/Rehabilitative Engineering field suggest 
the existence of an underground exchange of information, rather than a public forum for all 
to review. Results of equipment testing are generally kept among a network of involved 
persons. These suggestions explain the limited ( although currently expanding) amount of 
relevant public research involving wheelchair mechanics. 
According to Gaal et al (1997), many improvements could be made to wheelchair 
design, decreasing the number of incidents that occur. Gaal reported that 42 percent of 
incidents were tips and falls, a number of which required medical attention. From informal 
interviews with wheelchair users, tipping over or falling out of their chair can be the most 
frightening situation, especially since many ( especially severely disabled) lack the upper 
body strength to return themselves and their chairs to an upright position. The author's 
personal experience with individuals in wheelchairs follows that of Gaal-tipping a 
wheelchair, a fairly common occurrence, can be quite dangerous, especially in vulnerable 
situations. For example, at busy intersections, tipping over into the street could have a 
catastrophic result. 
With the push for independence and mainstreaming of people with disabilities, 
wheelchair users may find themselves alone when many incidences occur. The days of 
physically disabled individuals completely depending on caregivers are dwindling. Granted, 
many disabilities will always require supervision, something that likely prevents many 
careless incidents. But, for those who opt for an independent, active lifestyle, reducing the 
chances for incidents is paramount. 
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Significance 
Limited research has been performed to determine the exact causes of wheelchair 
incidents. While many studies have measured propulsion forces for wheelchairs (Newsam, 
C.J., Mulroy, S.J., Gronley, J.K., Bontrager, E.L., Perry, J., 1996; Parziale, 1991; Wolfe, 
Waters, & Hislop, 1977), only Knight (1977); Gaal, R.P., Pfaelzer, P.F., Hotchkiss, R.D. 
(1996); Kirby, R.L., Ashton, B.D., Acroyd-Stolarz, S.A., MacLeod, D.A. (1996); Kirby, 
R.L., DiPersio, M., MacLeod, D.A. (1996); Kirby, R.L., McLean, A.D., Eastwood, B.J. 
(1992); Kirby, R.L., Atkinson, S.M., MacKay, E.A. (1989); Loane, T.D. & Kirby, R.L. 
(1985) have specifically looked at tipping in wheelchairs. In order for advances in design to 
occur, research must be performed to determine the causes. of wheelchair accidents. 
Suggesting the causes for wheelchair instability and proposing ideas for reduction could have 
a profound effect on the biomechanics and biomedical field, not to mention, on those whose 
daily lives could be improved by enhancement of the wheelchair. 
Statement of Purpose 
The purpose of this study was to determine if caster type, speed or bump height affect 
the tendency to slip out of or tip in the wheelchair while crossing surface obstructions. 
Expectations 
It is expected that the potential for slipping and tipping accidents will decrease with 
the shock-absorbing casters. It is also expected that the potential for slipping and tipping will 
increase at the faster speed and higher bump height. 
5 
. CHAPTERII 
LITERATURE REVIEW 
Wheelchairs have been around for hundreds of years. The styles and models that are 
visible today have evolved from many different times and places. In the last decade or more, 
with the push for improving the living conditions and access for people with disabilities, 
increased research has triggered many advances in the design of the conventional wheelchair. 
This has led to innovative types of transportation for those who use a wheelchair as a mode 
of transportation. In order for advances in design to occur, research must be performed to 
determine the causes of these accidents. There is a limited amount of research in the public 
forum at the moment. In the following literature review, a brief history of the conventional 
wheelchair, the relationship of the Americans with Disabilities Act (ADA) to wheelchair 
research, and a look at the current research involving tipping will be discussed. 
The history of wheelchairs in America can be traced back hundreds of years. 
Kamentz (1969) described the evolution of the wheelchair in an historical article. Most early 
wheelchairs resembled a buggy, with the intent of hauling the sick or disabled. Over time, 
comfort became more important and many people were exploring different ways to improve 
the wheelchair (Perry 1991 ). After years of innovation, companies began to introduce new, 
lightweight, and faster wheelchairs into the market in the early 1980's. This set the stage for 
the many specialty wheelchairs found today. 
On July 26, 1990, United States President George Bush approved the ADA. The 
implications of this legislation go beyond the scope of this thesis, but to say the least, it has 
been a blessing to those attempting to break down the barriers restricting people with 
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disabilities from the use of public facilities and services. As a result, there has been a 
tremendous effort to advance the field of rehabilitative engineering. Specifically, 
improvements in wheelchairs have been mostly a result of the increased research and testing 
of assistive devices. While major progress has been made, there are still ways that 
wheelchairs can be improved. 
The American National Standards Institute (ANSI) works closely with the 
International Standards Organization (ISO) to create wheelchair standards to ensure the 
quality of both users and prescribers. The ANSI Technical Advisory Group (TAG) is 
organized by the Rehabilitation Engineering and Assistive Technology Society of North 
America (RESNA) and operates under a grant from the Veterans Administration (VA), an 
organization representing a large number of wheelchair users, especially at the time the 
standards were initially being developed. One major concern in developing standards of this 
sort was that they must "not restrict innovation by specifying a particular material or 
construction." Since the standards are non-government regulated, they are voluntary 
(McLaurin, C.A., Axelson, P. 1990). 
R.A. Cooper, chair of the Rehabilitative Engineering program at the University of 
Pittsburgh has performed many studies on wheelchairs, with the ultimate goal of improving 
safety and user-friendliness. Cooper (1995) studied the mechanics of both power and manual 
wheelchairs. Since wheelchairs are not always driven on flat, level surfaces, analysis of the 
wheelchair and the user in relevant environments is imperative. Cooper explains obstacle 
clearance, dynamic stability on different slopes, and comfort and durability ( as well as many 
other factors) in a comprehensive textbook of wheelchair research. 
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Brubaker, C. (1990) outlines various ergonometric and fitting considerations for 
clinicians involved in this practice. Rolling resistance, downhill turning tendency, yaw axis 
control, pitch axis control, propulsion efficiency, static stability, and weight/portability are 
examined in a fundamental recipe book for seating the disabled. Brubaker argues that the 
distribution of mass on the wheels (from manipulation of body position) is one of the most 
important factors affecting wheelchair performance. He also suggests the most critical 
dimensions for seating are seat width, seat depth, and seatback height. 
Sosner, J., Fast, A., Begeman, P., Sheu, R., & Kahan, B. (1997) evaluated the specific 
effects of the wheelchair rider in three wheelchair accidents. Using an unrestrained dummy 
rather than human subjects, the magnitude and distribution of the accelerations were 
measured. The three accidents resembled common wheelchair accidents: the wheelchair 
hitting straight into a curb (SIC); the wheelchair falling forward straight off a curb (SOC); 
and the wheelchair run diagonally off a curb (DOC). All accidents occurred at a velocity of 
1.12 mis ( or a comfortable walking speed). The dummy used was instrumented with 
accelerometers and sensors in locations according to the Society of Automotive Engineers' 
(SAE) J211 specifications. 48 channels were collected and processed using the Intelligent 
Dummy Acquisition System (Robert Denton Inc., Rochester Hills, MI). Following analysis, 
trials which equaled or exceeded published Injury Assessment Values (IA V) and Head Injury 
Criteria (HIC) values were highlighted. The IA V values refer to "human mechanical 
response below which a significant injury, e.g., fractures, brain damage, spinal cord injury, is 
unlikely to occur." They are "commonly used in bioengineering literature and accepted as 
reference values by federal agencies dealing with road safety." HIC values are used to 
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assess the level of impacts to the head, and are recognized by the U.S. Department of 
Transportation and the National Highway Traffic Safety Administration (Sosner et al. 1997). 
In the first accident (SIC), the dummy and the wheelchair remained upright. The 
second accident (SOC) resulted in a fall out of the wheelchair. And, in the third accident 
(DOC), the wheelchair and the dummy fell sideways. SIC resulted in no injuries, but SOC 
and DOC resulted in IA Vs above the accepted threshold for serious injury. Although this 
study documented the seriousness of wheelchair accidents, it did not examine the underlying 
causes of these injuries. 
Sosner' s study makes safety recommendations to help avoid dangerous falls. First, 
wheelchair users should approach curbs slowly and stop before descending. Second, avoid a 
diagonal approach and descent. Third, using a restraining system may help prevent some of 
the high forces involved in the impact with the ground, particularly in the SOC falls. Finally, 
Sosner suggests that new wheelchair users be made aware of the potential risks from falls off 
the curb (Sosner et al. 1997). Although Sosner states that a restraining system may prevent 
the dangerous forces involved in a crash, a restrained individual in a tipping accident is likely 
to cause enough angular momentum (as would likely occur going straight off the curb) to 
overcome the resistance of the footrests, and completely tip over. It is these individuals (with 
limited trunk musculature) who are most vulnerable when involved in tipping accidents. Due 
to the nature of their disability, many lack the motor control or strength to place their arms 
out to break the fall in such an accident. 
Gaal et al. (1996) demonstrated a repeatable test for determining a wheelchair's 
forward dynamic stability. Using a 5° ramp, a dummy-loaded wheelchair was rolled into a 
low, rigid obstacle. They observed and noted the action of the wheelchair and the dummy, 
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whether the wheelchair remained upright, tipped forward, or whether the dummy fell out of 
the seat. They defined a "tip" as the wheelchair tipping far enough that one or both of the 
footrests touched the test plane, or the wheelchair tipped over. Seven different wheelchairs 
and/or configurations were tested to determine the point where tipping or falling occurs. 
Gaal' s study does little to increase the knowledge base of accident mechanism beyond the 
stability of the specific configurations tested. 
Gaal et al. (1996) used 0.25 x 3 x 48 inch rectangular aluminum strips, an aluminum 
top strip with a rounded edge, and plywood understeps. The obstacle heights ranged from 
0.25 to 3.00 inches. A 5° sloped plane was used to generate specified speeds. A guide rail 
was built and the wheelchair adapted so that when rolling down the ramp, the chair would 
follow the rail until the end, ensuring straight travel, but being separated immediately prior to 
the point of contact with the obstacle. Gaal's study used an 86 kg (190 pound) 
anthropomorphic test dummy to avoid catastrophic injuries to subjects, as their intentions 
were to test forward stability in seven different wheelchair configurations. 
Gaal et al. (1996) discovered no major differences in the height of the obstacle 
cleared when comparing a restrained and an unrestrained dummy. They did, however, 
observe some differences in how the wheelchair and dummy reacted to the obstruction. 
Kirby, R.L., Davidson, C.A., and MacLeod, D.A. (1997) examined the lateral 
stability of the wheelchair. In conjunction with ISO and RESNA, they used computer 
simulation to examine wheelchair stability changes due to the front caster being moved 
medially from the propelling wheels. Previous ISO standards did not account for this fairly 
recent configuration. 
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CHAPTER III 
METHODS 
The purpose of this study was to determine if caster type, speed or bump height affect 
the tendency to slip out of or tip in the wheelchair while crossing surface obstructions. 
Most procedures in this study follow similar research methods for wheelchair 
mechanics. Of similar studies that investigated wheelchair use, the number of participants is 
typically between 10 (Loane & Kirby 1985) and 20 (Kirby et al. 1989; Kirby et al. 1992). 
Some studies use only able-bodied participants and some use only disabled individuals for 
their research. Brown, D.A., Knowlton, R.G., Hammill, J., Schneider, T.L., Hetzler, R.K. 
(1990) studied the physiological and biomechanical differences between wheelchair-
dependent and able-bodied participants during wheelchair ergonometry. Their study 
emphasized mechanical efficiency. No studies have shown any differences in obstruction 
clearance between able-bodied and wheelchair users. Other similar studies avoid testing 
human participants by using an anthropomorphic test dummy (Gaal 1996; Kirby et al. 1996; 
Sosner et al. 1997). Other procedures in the following methods chapter follow common 
practices used to collect and analyze movements, and are the best possible means of 
measurement in the Iowa State University Health and Human Performance Biomechanics 
Lab. 
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Participants 
Nine participants were used for this study-four were experienced wheelchair 
athletes and five were non-wheelchair users. No age, gender, or size restrictions were placed 
on participants (see Table 1 for participant characteristics). Although care was taken to 
insure that subjects would not fall out of the wheelchair, it was decided to use wheelchair 
athletes that were experienced in falling out and preventing an injurious landing. The 
reasons for using able-bodied participants were to determine if there were any significant 
differences between experienced and novice wheelchair users with respect to obstruction 
clearance and due to a limited number of wheelchair athletes in the local area. 
Table 1. Participant characteristics. 
Wheelchair Users Non-Wheelchair Users All Participants 
Mean S.D. Mean S.D. Mean S.D. 
Mass (kg) 69.5 14.3 79.7 11.9 75.1 13.3 
Height (cm) 175.6 17.3 178.2 6.8 177.0 11.7 
Age (yrs) 33.5 9.0 26.0 6.6 29.3 8.2 
Instrumentation 
Force platforms 
To measure the three-dimensional ground reaction forces (GRF), two strain gauge 
force platforms (Advanced Mechanical Technology, Inc., Model OR6) were utilized. The 
vertical (V) and anterior/posterior (AP) GRFs were recorded from each platform. One of the 
platforms was modified to allow the attachment of variable height steel bumps to the surface. 
A similar bump was attached to the floor in line with the bump on the force platform (Figure 
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1 ). The right front caster made contact with the bump attached to the force platform while 
the left front caster simultaneously contacted the other bump. 
Data from the force platforms were recorded at 3 000 samples per second using a 12-
bit analog to digital converter housed in a personal computer. Initiation of sampling began as 
the front caster made contact with the front force platform (Figure 1) and continued until the 
front caster left the force platform. 
Bumps 
Force 
Platforms 
Figure 1. Experimental Setup. 
Ramp 
.62m 
Ramp 
A wooden ramp was used to ensure constant impact velocity. The ramp was 2.44 m 
long with an angle of 5°. The end of the ramp was 0.61 m from the edge of the first force 
platform. The wheelchair was released from 2 different locations on the ramp, corresponding 
to two different impact velocities, determined through pilot testing. A rubber mat with 
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parallel ridges (2 mm wide and apart from each other) was placed on the ramp to assist the 
wheelchair in tracking straight. 
Wheelchair and casters 
An Action Pro-T (Invacare®) lightweight manual wheelchair was used by all 
participants. The wheelchair mass was 10.6 kg, wheelbase was 43.5 cm, seat height was 
45. 72 cm and moment of inertia about the front axis was 1.22 kg·m2 with the standard caster 
and 1.26 kg·m2 with the Frog Legs® caster. 
To prevent subjects from tipping out of the wheelchair and becoming injured, a 
wheelchair basketball roller was attached to the anterior aspect of the footrest, preventing a 
complete tip. Also, participants were allowed to wear a chest belt (if they chose) to prevent a 
fall out of the wheelchair. 
The two caster systems, the standard casters (ST) and the Frog Legs casters (FL) both 
utilize wheels that were 12.7 cm in diameter and 2.54 cm wide. The Frog Legs casters 
(Figure 2) used a suspension system that consisted of a hinged elbow joint with a cylindrical 
polyurethane shock absorber (60 A, 2.54 cm diameter, 5.08 cm high) placed in the crook of 
the elbow. 
Obstructions (Bumps) 
Two bumps, 1.2 cm and 1.8 cm high, were fashioned from steel strips and bolted to 
the force platform and floor. Bumps were 19 .4% and 29% of wheel radius for the low and 
high bump heights, respectively. The separate lengths of obstruction (together) covered more 
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Figure 2. Frog Legs® caster. 
than the necessary width of the wheelchair, but were independent so that only right side 
forces were measured. 
Friction Test 
The purpose of performing the friction test was to establish a criterion friction force 
that must be surpassed to initiate sliding in the seat. In order to accomplish this, a coefficient 
of friction (COF) for the wheelchair seat surface was determined. The AMTI force platform 
was placed on the wheelchair seat and covered with a material similar to the seat of the 
wheelchair. A 150-pound dummy was used to provide a realistic weight during these tests. 
The dummy was placed in the seat and secured with a waist belt connected to the wall 
(Figure 3). 
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Figure 3. Friction test configuration. 
The vertical force and the anterior/posterior (AP) force were measured at the point of 
impending motion. The vertical force represented the normal force (N) and the AP force 
represented a maximal static frictional force (Fmax)- This force represented the minimum 
amount of force necessary for the occupant to begin sliding relative to the seat. The forces 
were sampled by a 12-bit analog to digital converter at 200 Hz. See Figure 4 for a typical 
graph of the friction force with the jeans. 
Preliminary tests were conducted with jeans and stretch shorts. However, all subjects 
used only the stretch shorts while being tested. The use of a seat cushion would greatly 
affect the frictional characteristics involved in this interface. Most wheelchair users utilize 
some type of cushion to assist in shock attenuation, prevent pressure sores, and to increase 
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COF. To establish minimum frictional values necessary to initiate sliding, no seat cushion 
was used during the human subjects testing. The weight of the dummy (normal force) was 
measured to be 671.2 N (150.33 lbs). The peak frictional force (Fmax) necessary to slide the 
dummy on the force platform was 210.4 N with jeans and 184.0 N with shorts, determined by 
averaging 10 trials. 
200 
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"-" 
00 
QJ 
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= 50 0 ·-..... ·- 0 -
-50 
0 1 2 3 
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Maximal Static 
Friction Forces 
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Figure 4. Typical graph of frictional forces of rescue dummy being slid on force platform 
(wearing shorts) to determine a peak frictional force and calculate a coefficient of friction. 
The static coefficient of friction (COF) was calculated by dividing the maximal static 
frictional force by the normal force of the dummy. This was 0.28 with shorts and 0.31 with 
jeans. The maximal static force was then estimated for each subject by multiplying the COF 
by the weight of each subject. 
COF = Fmax / Fnormal 
This value was compared to the maximum anterior/posterior force to estimate the 
tendency for the subjects to slide while going over the bump. This process assumed that the 
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normal force was equal to body weight during the trials. This was not completely accurate 
because the feet were usually in contact with the footrest on the wheelchair. Resting the feet 
on the footrest will decrease the normal force of the participant. Also, the vertical 
acceleration of the body as the wheelchair hits the bump was assumed to be minimal. 
Protocol 
Participants read and signed an informed consent waiver (Appendix A). A survey 
(Appendix B) was given to those participants with a disability to determine degree and type 
of disability and information regarding previous falls (Table 2). The next step was a transfer 
to the wheelchair equipped for the study. The wheelchair was not adjusted for each 
participant due to the various anthropometrics of all participants. By using the same 
wheelchair, differences due to the makeup of the chair were eliminated. 
Table 2. Summary of disability questionnaire. 
1. Level of SCI 
2. Utilize lap 
belt? 
3. Other 
restraints? 
4. Previous 
accidents? 
5. Accident 
Description (1) 
6. Accident 
Description (2) 
S6 
L-4 
No 
No 
Yes 
hit bump, 
propelled out, 
injured finger 
n/a 
S7 
T-5 
No 
No 
Yes 
fell backwards, 
hit head on ground 
hit rock with front 
tire, began to tip 
forward, rear 
wheel off ground, 
but not a complete 
tip 
S8 S9 
n/a T-_9 
No No 
No No 
Yes No 
front tire hit rock n/a 
and sudden stop, 
threw out of chair 
tipped over n/a 
backwards, hurt 
back 
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Participants were instructed to coast in a relaxed manner down a wooden ramp (5° 
angle). At the bottom of the ramp were two consecutive force platforms, the latter of which 
was equipped with a bump of adjustable height. Participants were instructed to repeat this 
procedure five times, for two different velocities, with two different bump heights, and two 
caster systems (see Table 3). In total, each participant performed 40 successful trials. 
Conditions were balanced between participants to reduce the effects of learning or fatigue. 
There was a subjective assessment of each trial by the researchers to ensure proper alignment 
and contact with the bump. In the case of an asymmetrical impact, the trial was repeated. 
Table 3. Experimental Conditions (LH = Low Height, HH = High Height; SS = Slow Speed, 
FS = Fast Speed; ST = standard caster, FL = Frog Legs caster). 
Height Speed Caster 
1 LH SS ST 
2 HH 
3 LH FS 
4 HH 
5 LH ss FL 
6 HH 
7 LH FS 
8 HH 
To ensure consistency in velocities, marks were made on the ramp to use as starting 
points. The velocity at impact with the bump (VBUMP) was calculated from the GRF data 
by measuring the distance from front wheel platform contact to front wheel bump contact on 
the platform. Average values for the slow and fast speed were 1.6 and 2.0 mis, respectively, 
calculat~d by dividing the distance by the time from front caster platform contact to the time 
of impact with the bump. The distance was measured for both bump heights (.282 m for the 
low bump and .276 m for the high bump). 
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VBUMP = distance / time 
The wheelchair was restrained from behind, and the rider instructed to place their 
hands in their lap. The front wheels were aligned prior to descent to ensure straight travel 
down the ramp, and thus, a symmetrical impact. 
For safety reasons, the condition involving the standard casters at the slow velocity 
with the high bump height was eliminated from the wheelchair users group. It was deemed 
unsafe for the wheelchair users, but was performed with the non-wheelchair users. While not 
every trial in this condition caused a tip, every trial was near the threshold. 
Analysis 
There are three general outcomes that would likely injure a wheelchair user when 
hitting a bump straight-on: 
1) the wheelchair stops suddenly and the user continues forward and falls out 
(slipping), 
2) the wheelchair pivots about the front axis and dumps the user (tipping), 
3) a combination slipping and tipping. 
Slipping will only occur if the user has no restraining harness at waist (lap) level. 
The user will start to slip out of the wheelchair if the AP force becomes greater than the 
friction force (see Figure 5a). 
Tipping will begin to occur when the torque caused by the GRF (T GRF) becomes 
greater than the torque caused by the weight of the user/chair (T w) as shown in Figure 5b. 
A complete analysis of these forces and torques would require anthropometric 
modeling of the participants and 1;1,.,.kinematic analysis to determine center of mass 
a) frictional 
forces 
braking + 
force 
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b) Tw 
TGRF 
Figure 5. Frictional and Normal forces of subject (a), as well as moments about the axis of 
rotation caused by the obstruction (b ). 
characteristics and axes of rotation. Standard anthropometric models of able-bodied 
individuals would be inadequate to describe the wheelchair users because of the atrophied 
lower extremities often associated with these subjects. In addition, the Frog Legs caster has 
an axis of rotation that changes as the caster joint flexes and the chair rotates about the axis 
of the front wheel. There are also problems defining the point of application of the force 
vector under the front wheel as it contacts the bumps. It was decided that measuring kinetic 
variables that were correlated to slipping and tipping would best assess these outcomes. 
Dependent Variables 
In order to assess the potential for slipping during traversal, the anterioposterior GRF 
forces were analyzed (Figure 6). The maximum braking force (MAXAP) occurred 
immediately after impact and correlated with the friction force between the subject and the 
seat. Increasingly negative braking force values indicated a greater potential to slip out of the 
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chair. The braking impulse was also calculated (BRIMP) by integrating the force by time 
curve. This value was used to measure the tendency of the bump to reduce the speed of the 
wheelchair. The impulse-momentum relationship was used to calculate the reduction in 
velocity as a percent of the original velocity (VELREP). 
Front Wheel AP Force 
100 
0 ,_ 
-100 
(J) -200 u 
I,., 
0 -300 MAXAP 
-400 
-500 
0 0.1 0.2 0.3 0.4 0.5 : 
Time (s) 
Figure 6. Typical graph of the front wheel anterioposterior ground reaction forces while 
going over the large bump. Subject is a non-wheelchair user travelling at the slow speed 
with the standard caster. 
The tendency of the bump to cause the wheelchair to rotate about the axis of the front 
caster was affected by the maximum resultant force in the sagittal plane (MAXRES) and the 
moment arm (the perpendicular distance from the line of action to the axis ofrotation). The 
maximum resultant magnitude (Figure 7) was calculated by taking the vector sum of the 
vertical and anterior/posterior forces. The moment arm was not directly measured, but rather 
the peak angle of the force vector relative to the horizontal. As this angle decreased, the 
likelihood of a tip-producing torque increased (Figure 8). 
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Front Wheel Resultant Force 
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MAXRES 
-- 600 -+-------- -----~------½- -
t 400 -+-- ---------+-- -------..~--------- 1-------- ---+- ------l 
J.. 
0 
200 1r-'~~=..;;;;;;;;;.;..:;::;;;:~~ -\----,,.,.- 7r-r-,- ----'~,-.V1 
0 -+------~----~----------------'""'----~--------l 
0 0.1 0.2 0.3 0.4 0.5 
Time (s) 
Figure 7. Typical graph of the front wheel resultant ground reaction forces while going over 
the large bump. Subject is a non-wheelchair user travelling at the slow speed with the 
standard caster. 
Moment arm 
Force vector angle 
Figure 8. The relationship between the angle of the resultant force vector and the moment 
arm. 
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The angle of the minimum resultant force vector (MINANO) (Figure 9) was 90° prior 
to impact with the bump, suggesting that the only force acting was the weight of the 
wheelchair system acting in the vertical direction. As the front caster made contact with the 
bump, the angle of the ORF changed depending on the type of caster, speed, and bump 
height. A smaller angle suggested a more horizontal direction of the force. However, the 
angle of this resultant force vector must be examined in combination with the magnitude of 
the resultant force vector (MAXRES) to determine the potential for tipping. 
Front Wheel Resultant Force Angle 
100 
.. ...... • .. ... -
80 ,_ 
0 .._., 
60 -oJl 
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/ 
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Figure 9. Typical graph of the direction of the front wheel resultant ground reaction force 
while going over the large bump. Subject is a non-wheelchair user travelling at the slow 
speed with the standard caster. 
Figure 10 illustrates the vertical force of the rear wheel as the front wheel makes 
contact with the bump. The ORF was zero for a period of time following contact with the 
bump, suggesting that the rear wheel was off the ground. The condition shown in this figure 
was eliminated from the wheelchair-user group due to an increased likelihood of a complete 
tip of the chair. 
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Figure 10. Typical graph of rear wheel vertical force while going over the large bump. 
Subject is a non-wheelchair user travelling at the slow speed with the standard caster. 
Subjective observation of each trial was used during testing to discourage gross 
movements immediately prior to impact with the bump. Although there were are many 
compensation methods possible while traversing obstructions, the intent of the study was to 
avoid such actions and investigate a non-anticipated obstruction traversal. 
Statistics 
The variance between conditions was analyzed using regression analysis 
implemented as repeated measures in SPSS. A repeated measures analysis of variance was 
not used because of its inability to deal with the missing data from the condition eliminated 
for the wheelchair users. The alpha level was set at 0.05 to detect differences between the 
caster type, wheelchair speed and bump height. A regression analysis was also used to detect 
differences between wheelchair users and non-wheelchair users. 
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CHAPTER IV 
RESULTS 
Kinetic variables were used to assess the potential for slipping out of or tipping a 
wheelchair as it goes over a bump. Each of nine subjects (four wheelchair users and five 
non-wheelchair users) performed five trials in each of eight conditions (Table 3). These 
conditions consisted of two types of front casters, two speeds and two bump heights. 
Five dependent variables were selected to help assess slipping and tipping. The 
variables determined to influence slipping were the minimum angle (MINANG) and the 
magnitude of the resultant GRF vector (MAXRES) in the sagittal plane. The variables 
determined to influence tipping were the maximum anterior/posterior GRF magnitude 
(MAXAP), the braking impulse (BRIMP), and the wheelchair velocity reduction as a 
proportion of the original velocity (VELREP). Significance values for the main effects and 
interaction terms of each of these variables are shown inTµble 4. 
Table 4. Significance values. 
MINANG MAXAP MAXRES BRIMP VELREP 
CASTER(CA) 0.00 0.00 0.00 0.00 0.00 
SPEED (SP) 0.24 0.01 0.02 0.42 0.01 
HEIGHT(BH) 0.00 0.00 0.00 0.00 0.00 
BHxSP 0.49 0.58 0.66 0.37 0.09 
BHxCA 0.08 0.00 0.16 0.00 0.00 
SPxCA 0.04 0.18 0.05 0.31 0.12 
BHxSPxCA 0.95 0.94 0.67 0.47 0.65 
USER 0.14 0.42 0.22 0.06 0.37 
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Slipping 
To estimate how the AP forces translate to slipping in the wheelchair, Table 8 lists 
estimated frictional forces and MAXAP forces for each participant and for each independent 
variable. The estimated maximal static friction forces were based on the COF used for the 
stretch shorts (0.28) and the Normal force (total weight) of the participant. While the 
average AP forces were higher in every case compared to F max, the period of time for those 
forces to occur was very small. 
Table 5. Estimated frictional forces (COF = 0.28) and calculated average MAXAP forces for 
each participant and each independent variable. 
Est. 
Normal 
Force Est. 
Subject (N) Fmax (N) ST(N) FL(N) ss ) HH(N) 
1 594.6 166.5 724.4 314.0 478.6 631.0 
2 777.9 217.8 852.5 440.5 609.9 683.2 516.6 776.4 
3 895.7 250.8 868.5 452.0 631.2 689.3 525.8 794.7 
4 773.9 216.7 862.1 478.9 621.5 719.5 544.5 796.5 
5 861.2 241.1 859.4 464.4 610.2 713.6 548.6 775.2 
6 618.4 173.1 744.6 375.0 421.4 617.4 461.1 629.8 
7 890.8 249.4 845.1 451.3 520.7 694.6 552.0 710.9 
8 608.6 170.4 627.5 351.6 371.9 543.2 403.7 558.1 
9 604.7 169.3 769.1 356.0 405.0 621.9 445.2 640.6 
AVG 736.2 206.1 794.8 409.3 518.9 649.2 489.4 701.5 
The FL caster reduced the tendency of the subjects to slip out of the wheelchair. The 
design of this caster allowed the shock-absorbing polymer to compress during the impact and 
resulted in a 48.8% reduction in MAXAP (Table 6). The braking impulse was reduced by 
35.8% (Table 6). The FL allowed the subjects to maintain velocity more than ST. The 
velocity was reduced by 18.1 % with the ST casters and by only 12.2% with the FL casters. 
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Table 6. Means, standard deviations, and % difference values of S_LIPPING variables due to 
caster type. 
Standard Caster Frog Legs Caster 
Mean S.D. Mean S.D. 
MAXAP(N) t -400.0 18.3 -204.7 7.9 
BRIMP (N-s) t -28.6 2.35 -18.4 1.16 
VELREP(%) t -18.1 1.3 -12.2 0.8 
t indicates a statistically significant difference (a= 0.05). 
tt calculated as ((FL-ST)/ST)*l00. 
% Change tt 
-48.8% 
-35.8% 
-32.5% 
These changes were all statistically significant despite significant BH X CA 
interactions (Table 4). 
The slower speeds appeared less likely to cause the subjects to slip out of the 
wheelchair, although the effects of speed were not as clear as those discovered for caster 
type. The braking force (Table 7) was reduced by 22.5% at the slower speed, while the 
braking impulse and reduction in velocity increased (5.8% and 21.1 %, respectively). While 
the braking impulse was not significantly different between speeds, VELREP between the 
two speeds was significantly decreased at the faster speed. This was explained by the 
difference in absolute reduction in velocity (VELREA in Table 7). The fast speed displayed 
a greater absolute reduction, a difference of 13 .9% when compared to the slow speed. This 
discrepancy is due to the difference in initial speed prior to impact with the bump. 
The higher bump height increased the tendency for the wheelchair user to slip in the 
seat. At the higher bump height (Table 8), the peak braking force increased by 45%, the 
braking impulse increased by 95.8%, and the proportion of velocity reduction increased by 
86.9%. 
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Table 7. Means, standard deviations, and% difference values of SLIPPING variables due to 
speed. 
Slow Speed Fast Speed 
Mean S.D. Mean S.D. 
MAXAP(N) t -265.0 19.2 -324.6 22.3 
BRIMP (N-s) -23.9 2.21 -22.5 1.80 
VELREP(%) t -16.9 1.3 -13.3 1.0 
VELREA (m/s) -0.273 0.022 -0.262 0.020 
t indicates a statistically significant difference (a= 0.05). 
tt calculated as ((SS-FS)/SS)* 100. 
% Change tt 
22.5% 
-5.8% 
-21.1% 
13.9% 
Table 8. Means, standard deviations, and % difference values of SLIPPING variables due to 
bump height. 
Low Height High Height 
Mean S.D. Mean S.D. 
MAXAP(N) t -244.7 13.9 -354.9 24.7 
BRIMP (N-s) t -16.0 0.80 -31.3 2.04 
VELREP (%) t -10.6 0.5 -19.9 1.2 
t indicates a statistically significant difference ( a = 0.05). 
tt calculated as ((HH-LH)/LH)* 100. 
% Change tt 
45.0% 
95.8% 
86.9% 
There were no significant differences between wheelchair users and non-wheelchair 
users. WC users displayed a 19.1 % reduction in BRIMP (Table 9) compared to the non-
wheelchair users, although insignificant (p = 0.06). This could be explained by the decreased 
mass of the wheelchair users (Table 1). The mean mass of wheelchair users was 69.5 kg, 
compared to 79.7 kg for non-wheelchair users. Since the braking impulse is calculated using 
the impulse-momentum relationship, the decreased mass could account for this decrease in 
BRIMP. 
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Table 9. Means, standard deviations, and% difference values of SLIPPING variables due to 
user type. 
Non WC User WC User 
Mean S.D. Mean S.D. 
MAXAP(N) -293.8 20.6 -269.0 22.2 
BRIMP (N-s) -23.3 1.7 -18.9 1.5 
VELREP(¾) -14.3 0.9 -13.1 1.0 
t indicates a statistically significant difference (a= 0.05). 
tt calculated as ((WC-NonWC)/NonWC)*lO0. 
Tipping 
% Change tt 
-8.4% 
-19.1% 
-8.4% 
There was less of a tendency for the wheelchair to tip using the FL caster. This caster 
resulted in a reduction in the MAXRES force of 43 .0% (Table 10). This information by itself 
was not enough to assess the tendency to tip because the distance between the force vector 
and the axis of rotation was not measured. A lower force vector angle represented a greater 
likelihood that the force produced a destabilizing torque. Conflicting results were seen 
because the MINANG was reduced by 22.3% when the FL caster was used (Table 10). 
There was a reduction in both the vertical and anterior/posterior GRF forces with the FL 
caster, however the reduction in vertical GRF was greater and thus the force vector angle was 
more horizontal with the FL caster. 
Table 10. Means, standard deviations, and% difference values for TIPPING variables due to 
caster type. 
MINANG (°) t 
MAXRES (N) t 
Standard Caster 
Mean S.D. 
47.8 0.85 
878.6 31.8 
Frog Legs Caster 
Mean S.D. 
37.2 1.20 
500.5 17.2 
t indicates a statistically significant difference (a= 0.05). 
tt calculated as ((FL-ST)/ST)*l00. 
% Change tt 
-22.3% 
-43.0% 
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Because of the complex situation with the FL caster, further evidence was sought to 
verify the reduced tendency of the FL caster to permit tipping of the wheelchair. As the back 
wheel of the wheelchair left the ground, the forces on the back force platform were reduced. 
If the back wheel left the ground completely, the force was reduced to zero. In 77.1 % of the 
ST caster trials the back wheel forces were reduced to less than 5 N while only 16.8% of the 
FL trials resulted in such a reduction. This indicated that the FL caster was successful in 
maintaining the back wheel on the ground and reducing the tendency of the wheelchair to tip. 
The decrease in magnitude of the resultant force may have been due to the shock-
absorbing characteristics of the FL caster. The reduced resultant force and the dynamic axis 
of rotation of the front FL caster seemed to make tipping more difficult. The standard caster 
axis of rotation was fixed at the center of the front wheel, while the Frog Legs axis of 
rotation moved superior and anterior when crossing an obstruction as the polymer 
compressed in the crook of the elbow. The exact location of this axis was not measured, but 
the magnitude of the force .decreased significantly and the back wheel remained on the force 
platform more often when traversing the bump with the FL caster. 
An interaction existed between caster and speed for MINANG (Table 4). 
Interestingly, speed alone was not a significant factor in determining MINANG. To test 
whether this lack of significance was due to the interaction, the mean values of caster and 
speed are graphed (Figure 11). There was a difference between the casters at the slow speed, 
but the difference with the Frog Legs was greater than with the standard casters at the faster 
speed. While the exact relationship was unclear, the caster types appear to behave differently 
at the different speeds. 
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Figure 11. The effects of speed on caster type. 
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The slower speeds appeared to decrease the tendency to tip the wheelchair. The 
slower speed elicited a reduction in MAXRES of 17.1 %. However, faster speeds may have 
an advantage while traversing obstructions. While they do tend to increase the likelihood of 
slipping and tipping based on certain variables, faster speeds also increase the forward 
momentum of the system. Therefore, instead of making contact with a substantial bump and 
stopping the wheelchair (and pitching the occupant), the front wheel rolls up and over the 
obstruction, because of the momentum of the system. The data support this notion, 
displaying a smaller impulse and reduction in velocity at the faster speeds, factors that 
decrease the tendency to slip in the chair. 
MINANG and MAXRES show an increased tendency of the wheelchair to tip while 
traversing the higher bump height. The direction of MIN ANG becomes more horizontal by 
approximately 11 degrees, a difference of 23 .6% with the high bump height. Also, 
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Table 10. Means, standard deviations, and% difference values for TIPPING variables due to 
speed. 
MINANG (°) 
MAXRES(N)t 
Slow Speed 
Mean S.D. 
42.8 
622.1 
1.44 
34.2 
Fast Speed 
Mean S.D. 
41.7 
728.5 
1.38 
44.1 
t indicates a statistically significant difference (a= 0.05). 
tt calculated as ((FS-SS)/SS)*l00. 
% Change tt 
-2.6% 
17.1% 
MAXRES increases by 21.9% with the high height. The combination of these factors 
increased the tendency to tip. 
Table 11. Means, standard deviations, and % difference values for TIPPING variables due to 
bump height. 
MINANG(0 ) t 
MAXRES (N) t 
LowHeight. 
Mean S.D. 
47.4 0.94 
615.0 34.3 
High Height 
Mean S.D. 
36.3 1.11 
749.7 45.0 
t indicates a statistically significant difference ( a = 0.05). 
tt calculated as ((HH-LH)/LH)* 100. 
% Change tt 
-23.6% 
21.9% 
There were no significant differences in the tendency to tip the wheelchair 
when comparing wheelchair users and non-wheelchair users (Table 12). 
Table 12. Means, standard deviations, and% difference values for TIPPING variables due to 
user type. 
Non WC User WC User 
Mean S.D. Mean S.D. 
MINANG (°) 43.6 1.4 40.4 
MAXRES(N) 694.3 40.5 620.3 
t indicates a statistically significant difference (a= 0.05). 
tt calculated as ((WC-NonWC)/NonWC)*l00. 
1.7 
43.9 
% Change tt 
-7.3% 
-10.7% 
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CHAPTERV 
DISCUSSION 
The purpose of this study was to examine the tendency of wheelchair users to slip or 
tip out of the wheelchair while going over a bump. Independent variables consisted of caster 
type, wheelchair speed and bump height. Dependent variables included the maximum 
braking force, the braking impulse, the reduction in wheelchair speed, the maximum resultant 
force in the sagittal plane, and the angle of the resultant force vector in the sagittal plane. 
These variables were used to assess the potential for slipping and tipping. 
This study did not attempt to predict the specific speed or bump height that would 
cause a subject to fall out of the chair. Instead, kinetic variables were selected that were 
mechanically linked to slipping and tipping. This allowed the determination of factors that 
increased or decreased the potential for a slip or tip, but it did not allow prediction. In order 
to achieve this goal, complete anthropometrics and kinematics would have to be collected 
along with the kinetic data. A rigid body model would then be developed and inverse 
dynamics used to calculate the forces and torques acting on the system. An alternative 
approach would be to model the entire wheelchair/subject system and use software to 
simulate the bumps. It was expected that the data from the current study would provide the 
bases for one of these approaches. 
The Frog Legs caster, the slower speed, and the lower bump height were associated 
with a decreased potential for both slipping and tipping. The complex nature of the system 
necessitated simplification that may have affected the generalizability of these results. Some 
of these factors are discussed below. 
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This study examined slipping and tipping as separate actions. However, it is likely 
that they occur in combination. As the wheelchair user begins to slip in the seat, the center of 
mass (COM) ,moves forward, causing the system to tip more easily. This indicates that a 
high potential for slipping may increase the potential for tipping. It is difficult to determine 
the magnitude of this effect without kinematic and anthropometric data. Tracking the center 
of mass during traversal, as well as accelerations of various body segments through 
kinematic analysis would add more insight into these mechanism of slipping and tipping. 
Other studies have examined the severity of injury when the subjects hit the ground 
after a fall (Sosner et al., 1997) and the effects of wheelchair configurations during a fall 
(Gaal et al., 1996), but no study has looked at caster type or wheelchair speed. Due to the 
potential danger involved in using human subjects, these studies utilized dummies in their 
experiments. The current study used human subjects but restricted the protocol to an 
examination of bumps below the threshold of actually slipping or tipping the wheelchair. 
The fact that there were no significant differences between wheelchair users and non-
wheelchair users agrees with the results of Brown et al. (1990). They saw no physiological 
or biomechanical differences between wheelchair-dependent and able-bodied participants 
during wheelchair ergonometry. The fact that the subjects played a passive role while 
traversing the bump in the current experiment decreased the chance of significant differences 
occurring. On the other hand, the wheelchair users had more lower extremity atrophy, which 
would tend to shift the center of gravity toward the back wheels and decrease the potential 
for tipping forward. 
There are many types of accidents that could have been investigated to determine 
accident mechanism. A symmetric obstruction impact, while common, only sheds some light 
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into the mechanism involved in wheelchair accidents. It would be impossible to study every 
type of accident that could occur. From the participant questionnaire concerning previous 
accidents, several wheelchair users reported being spilled from the chair by a rock or other 
obstruction under one wheel. A pothole would not only cause a greater forward tip of the 
wheelchair but it would also increase the potential for slipping. Tipping over backwards was 
also reported on the survey. 
Most experienced wheelchair users have some sort of anticipatory movement while 
approaching an obstruction. Some of the wheelchair users in this study attempted to shift 
their center of mass backwards while crossing the bump for the first time. They were 
reminded to coast down and make contact with the bump in a relaxed manner. It is likely 
that a wheelchair user would have multiple strategies available to traverse a bump. This 
factor was controlled in this study so that the effects of different strategies would not 
influence the results. 
The wheelchair was not adjusted for each participant. In particular, the location of 
the wheels with respect to the occupant's center of mass, and the seat height and angle would 
greatly influence how the wheelchair system would react to obstructions. For example, 
moving the front casters toward the rear would decrease the forward stability by decreasing 
the moment arm between the COM line of action and the axis or rotation. These factors were 
left constant to remove the wheelchair configuration as another source of variance in the 
study. 
Seat cushions would substantially increase the coefficient of friction between the user 
and the seat. Most wheelchair users have some sort of seat cushion to help prevent pressure 
sores, increase comfort, and increase the frictional forces between the user and the seat. In 
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addition, some wheelchair users will use a seat harness to help prevent slipping. Subjects in 
this study did not use a seat cushion and one out of the four wheelchair subjects used a 
harness. If either of these devices were to be used during daily activities, the potential for 
slipping would be greatly reduced. 
The condition that was eliminated (Condition 2-standard caster, slow speed, high 
bump height) elicited a substantial jarring, in many cases enough to cause the wheelchair to 
stop suddenly and the user to continue forward. This was reason enough to eliminate the 
condition for the wheelchair users group. It is difficult to know exactly what would happen 
to this population if subjected to this condition. One could infer that they would start to slide 
out similar to the non-wheelchair users group. However, if a complete slip (and especially a 
tip) occurs, this population is generally unable to step out onto the floor, similar to that seen 
in the non-wheelchair users. While not every trial in condition 2 caused a spill, each was 
near the threshold. 
In conclusion, all hypotheses were confirmed from this study. The Frog Legs caster 
decreased the tendency for the wheelchair user to slip and/or tip while crossing surface 
obstructions. In addition, as speed and bump height increased, so did the tendency to slip 
and tip in the wheelchair. The results of this study gain some insight into the mechanism of 
forward accidents, although more research is needed to determine how other variables may 
be involved, as well as how the body itself reacts to surface obstructions. It also suggests the 
benefits of innovative attempts at wheelchair design and engineering. 
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APPENDIX A 
INFORMED CONSENT TO PARTICIPATE IN RESEARCH 
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Informed Consent to Participate in Research 
Department of Health and Human Performance 
Iowa State University 
Ames, IA 50011 
You are being asked to volunteer as a participant in a research study. This form is designed to 
provide you with information about this study and to answer your questions. 
1. Title of Research Study 
Wheelchair mechanics while traversing a surface irregularity. 
2. Project Director 
Name: 
Address: 
Telephone: 
3. Purpose of the Research 
Timothy R. Derrick, Ph.D. 
23 5 Physical Education Building 
(515) 294-8438 
The purpose of this study is to investigate the mechanics of the human body and a wheelchair when 
crossing a single bump at varying heights and velocities. 
4. Procedures for this Research 
Orientation 
All data collection will take place in the Biomechanics Laboratory in Forker 178N. Prior to the start 
of the study there will be an orientation session to familiarize you with the facility, the tests, and the 
apparatus used during the tests. At this time you will be able to ask questions and obtain further 
information about all aspects of the study. During this visit you will be asked to complete a disability 
questionnaire. You will be allowed time to warm-up and acquaint yourself with the wheelchair and 
equipment. The total time for data collection is expected to be less than 3 hours. 
Data Collection 
Reflective markers (3/4 inch diameter) will be placed on the head, shoulder, elbow, mid-torso, thigh 
and ankle with double sided tape. These markers will be recorded using 3 special cameras focussed 
on the activity. You will then be asked to coast down an eight or four foot ramp at a 4° angle. At the 
bottom of the ramp, you will roll across a bump between .25 inches and 1 inch high as data are being 
collected. The front casters of the wheelchair will be a special shock absorbing design or a standard 
design. You will repeat these trials approximately 60 times with different combinations of ramp 
heights, bump heights, and front casters. 
Collected data 
All data collection procedures are common techniques used for the study of human movement. Only 
subject number, weight, and level of injury will be associated with the data. Data will be collected 
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from the time the back wheel leaves the ramp until the back wheel leaves the force platform. Forces 
and images of the reflective markers will be recorded during this period. Subject images will not be 
recorded. 
5. Potential Risks or Discomforts 
The height of the bump has been adjusted to prevent you from falling out of the wheelchair or tipping 
the wheelchair over. However, there is a chance that falling or tipping will occur. In order to 
minimize this chance, anti-tip bars will be attached to the front of the wheelchair. To prevent you 
from falling out of the wheelchair, a lap belt will be worn. In the event that you do tip over, a soft 
mat will be located in the falling area. In addition, one of the investigators will be positioned next to 
you to assist in preventing a fall to the ground. There are no invasive procedures used in this study. 
6. Potential Benefits to you or to Others 
There will be no direct benefits to you as a subject in this study. You will have the opportunity to 
sample a new innovative shock-absorbing caster system shown to attenuate shock in a wheelchair 
user, and to become aware of the differences between these and standard casters. This study may lead 
to a better understanding of the mechanism of wheelchair injuries. 
7. Alternate Treatment or Procedures, if Applicable 
You have the option of not participating in the study. You are also free to withdraw from the study at 
any time without consequence. 
I understand that I will __ / will not __ receive money for my participation in this study. 
I understand that I will __ / will not __ be charged expenses for my participation in this study. 
I understand that I am free to withdraw my consent and discontinue participation in this research 
project at any time without prejudice towards me. 
Emergency treatment of any injuries that may occur as a direct result of participation in this research 
will be treated at the Iowa State University Student Health Services, Student Services Building, 
and/or referred to Mary Greeley Medical Center or another physician. Compensation for treatment of 
any injuries that may occur as a direct result of participation in this research may or may not be paid 
by Iowa State University, depending on the Iowa Tort Claims Act. Claims for compensation will be 
handled by the Iowa State University Vice President for Business and Finance. 
My questions on any aspect of this research project are welcomed. At the conclusion of this study I 
will be informed of the results, if requested. My individual results will be kept confidential and, 
should the data be used in a publication, my name or any identifying characteristics will not be 
reported. 
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Signatures 
I have fully explained to 
the nature and purpose of the above study and the benefits and risks that are involved in participation 
of the study. I have answered and will answer all questions to the best of my ability. 
Signature of Principal 
Investigator Obtaining Consent 
Date 
I have been fully informed of the procedure with its possible benefits and risks and I have received a 
copy of this description. I have given permission for my participation in this study. 
Signature of Participant Date 
Signature of Witness Date 
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APPENDIXB 
DISABILITY QUESTIONNAIRE 
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Disability Questionnaire 
Department of Health and Human Performance 
Iowa State University 
Ames, IA 50011 
You are being asked to volunteer as a participant in a research study. This form is designed 
to provide us with information that might relate to your performance in this project. The 
information provided within will be confidential-meaning your name will never be 
associated with this document. In this study, only subject number, weight, and level of injury 
will be associated with the data. 
1. Subject Number ___ _ 
2. Mass ___ (kg) 
3. Level of spinal cord injury __________ _ 
Is a wheelchair your primary mode of transportation? Yes ___ No __ _ 
Do you wear a lap belt? Yes ___ No ___ Other 
restraints? --------
4. Have you ever had any accidents in your wheelchair? Yes __ _ No ----
If so, describe briefly two of them, including injury sustained: 
1. -----------------------------
2. -----------------------------
5. Are there any particular improvements you would recommend for the typical wheelchair? 
43 
REFERENCES 
Brown, D.A., Knowlton, R.G., Hamill, J., Schneider, T.L., Hetzler, R.K. (1990). 
Physiological and biomechanical differences between wheelchair-dependent and 
able-bodied subjects during wheelchair ergometry. European Journal of Applied 
Physiology, 60, 179-182. 
Brubaker, C. (1990). Ergonomic Considerations. J Rehabil Res Dev Clin Suppl. 2, 37-48. 
Cooper, R.A. (1995). Rehabilitation Engineering Applied to Mobility and Manipulation. 
University of Pittsburgh, Pittsburgh, USA. 
Gaal, R.P., Rebholtz, N., Hotchkiss, R.D., & Pfaelzer P.F. (1997). Wheelchair rider injuries; 
causes and consequences for wheelchair design and selection. J Rehabil Res Dev, 34 
(1), 58-71. 
Gaal, R.P., Pfaelzer, P.F., Hotchkiss, R.D., (1996). Forward dynamic stability test for · 
manual wheelchairs. Proceedings of the RESNA 1996 Annual Conference, Salt Lake 
City, Utah. 
Gray, B. (1992). Fractures caused by falling from a wheelchair in patients with 
neuromuscular disease. Dev-Med-Child-Neur. 34 (7), 589-92. 
Kamentz, H.L. (1969). A brief history of the wheelchair. J Hist Med Allied Sci, 24 (2) 205-
210. 
Kirby, R.L. and Ackroyd-Stolarz, S.A. (1995). Wheelchair safety-adverse reports to the 
United States Food and Drug Administration American Journal of Physical 
Medicine and Rehabilitation, 74, 308-312. 
Kirby, R.L., Ackroyd, S.A., Brown, M.G., Kirkland, S.A., & MacLeod, D.A. (1994). 
Wheelchair-related accidents caused by tips and falls among non-institutionalized 
users of manually propelled wheelchairs in Nova Scotia. American Journal of 
Physical Medicine Rehabilitation, 73 (5), 319-330. 
Kirby, R.L., Ashton, B.D., Acroyd-Stolarz, S.A., MacLeod, D.A. (1996). Adding loads to 
occupied wheelchairs: Effect on static rear and forward stability. Arch Phys Med 
Rehabil, 77 (2), 183-186. 
Kirby, R.L., Atkinson, S.M., MacKay, E.A. (1989). Static and dynamic forward stability of 
occupied wheelchairs: Influence of elevated footrests and forward stabilizers. Arch 
Phys Med Rehabil, 70 (9), 681-686. 
Kirby, R.L., Davidson, C.A., and MacLeod, D.A. (1997). Mathematical model oflateral 
wheelchair stability. Proceedings of the RESNA 1996 Annual Conference, Salt Lake 
City, Utah. 
44 
Kirby, R.L., DiPersio, M., MacLeod, D.A. (1996). When wheelc]:iairs tip backward beyond 
their stability limits. Proceedings of the RESNA 1996 Annual Conference, Salt Lake 
City, Utah. 
Kirby, R.L., MacLeod, D.A., Duggan, R.E., Saunders-Green, L.A., Lugar, J.A., and Dupois, 
D. (1997). Dynamic wheelchair stability: reliability of an ordinal scale. Proceedings 
of the RESNA 1996 Annual Conference, Salt Lake City, Utah. 
Kirby, R.L., McLean, A.D., Eastwood, B.J. (1992). Influence of caster diameter on the static 
and dynamic forward stability of occupied wheelchairs. Arch Phys Med Rehabil, 73, 
73-77. 
Knight, W.E. (1977). Cure for the tipping wheelchair. Clin Orthop. 123, 111. 
Loane, T.D. & Kirby, R.L. (1985). Static rear stability of conventional and lightweight 
variable-axle position wheelchairs. Arch Phys Med Rehabil, 66 (3), 174-176. 
McLaurin, C.A. & Axelson, P. (1990). Wheelchair standards: An overview. J Rehabil Res 
Dev Clin Suppl. 2, 100-103. 
Newsam, C.J., Mulroy, S.J., Gronley, J.K., Bontrager, E.L., Perry, J. (1996). Temporal-
Spatial characteristics of wheelchair propulsion . Effects of level of spinal cord 
injury, terrain, and propulsion rate. Am J Phys Med Rehabil, 75 (4), 292-299. 
Parziale, J.R. (1991)., Standard v lightweight propulsion in spinal cord injured patients. Am J 
Phys Med Rehabil, 70 (2), 76-80. 
Perry, R.A.F. (1991). The history of wheelchairs. Principles of Seating the Disabled, R. 
Mervyn Letts (ed.). CRC Press, Boca Raton. 
Sosner,. J., Fast, A., Begeman, P., Sheu, R., & Kahan, B. (1997). Forces, moments, and 
accelerations acting on an unrestrained dummy during simulations of three 
wheelchair accidents. American Journal of Physical Medicine Rehabilitation, 76 ( 4), 
304-10. 
Ummat, S. (1994). Nonfatal wheelchair-related accidents reported to the National Electronic 
Injury Surveillance System. American Journal of Physical Medicine Rehabilitation, 
73, 163-67. 
Wolfe, G.A., Waters, R., Hislop, H.J. (1977). Influence of floor surface on the energy cost of 
wheelchair propulsion. Phys Ther, 57 (9), 1022-1027. 
45 
ACKNOWLEDGEMENTS 
There are many people I would like to thank for all of their support and 
encouragement. First and foremost, Tim Derrick, my major professor, has been an excellent 
mentor to me at Iowa State. His patience, motivation, and guidance have helped make this 
project achievable and enjoyable. Second, as mentioned in the dedication, Glen Cupid and 
Joyce Packwood-two individuals I will forever admire. Lastly, family and friends-thanks 
for always believing in me! 
